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BACKGROUND 


The  protection  of  eyes  and  electro-optic  sensing  devices  from 
direct  exposure  to  laser  radiation  has  become  an  important 
and  difficult  challenge  to  the  scientific  and  engineering 
community.  Acceptable  systems  must  protect  against  a  wide 
range  of  wavelengths  and  intensities,  and  must  be  effective 
against  both  CW  and  pulsed  radiation.  Almost  certainly,  no 
one  technique  will  be  effective  against  both  CW  and  pulsed 
lasers  and  at  all  possile  wavelenghts  and  thus  a 
multicomponent  system  is  envisioned. 


The  optical  gain  of  the  human  eye  is  105  to  106  depending 
on  wavelength  and  pupil  size  (i.e.  dark  adapted  or  not).  The 
damage  threshold  for  the  human  retina  is  of  the  order  of 
2  J/cm2  so  an  incident  radiation  flux  of  2 
microjoules/cm2  at  the  front  surface  of  the  eyeball 
(cornea)  must  be  hardened  against.  Most  materials  have 
damage  thresholds  in  the  range  of  0.5  to  3  J/cm2  of 
absorbed  laser  energy,  not  at  all  surprisingly  similar  to  the 
damage  threshold  of  the  retina.  To  protect  the  eye  without 
use  of  an  optical  device  with  a  focal  plane  used  to  intensify 
the  light  at  an  optical  switch,  fuse  or  limiter,  or  without  a 
powered  activation  system  of  some  kind  may  prove  impossible. 

Such  a  system  without  a  focal  plane  would  require  an  optical 
switch  is  activated  at  energy  densities  of  the  order  of  a 
microjoule  and  operation  in  the  nanosecond  time  frame.  An 
electrically  driven  (active)  system  may  provide  greater 
sensitivity  and  thus  a  lower  switching  threshold  than  a 
passive  device.  Even  so,  a  microjoule  threshold  is  indeed  a 
challenge  to  the  technical  community. 
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OPTICAL  FUSE  CONCEPT 
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One  possible  approach  to  protecting  eyes  and  sensors  is  to 
use  a  device  having  a  focal  plane  with  an  optical  switch  or 
optical  fuse  at  or  near  the  focus.  The  fuse  could  be 
manually  reset  to  a  fresh  undamaged  section  following  its 
failure.  A  variety  of  optical  fuse  concepts  using  a  focal 
plane  may  be  envisioned.  One  such  system  employs  a  thin 
metal  reflector  at  the  focal  plane  which  reflects  the  image 
to  another  optic  which  reimages  the  light  on  the  eye,  (see 
figure  1) .  The  thin  reflector  is  designed  to  ablate  at  a 
threshold  below  that  which  is  damaging  to  the  eye,  dumping 
the  laser  energy  behind  the  destroyed  mirror.  When  the 
threat  has  subsided,  the  optical  fuse/mirror  may  be  manually 
repositioned  to  a  fresh  reflective  surface. 

FEASIBILITY  ASSESSENT 

Optical  Fuse  Threshold 

In  order  for  a  mirror  to  serve  as  a  suitable  optical  fuse  for 
eye  protection,  it  must  fail  at  energy  densities  lower  than 
the  damage  threshold  of  the  retina.  The  reflective  layer 
roust  absorb  sufficient  energy  to  render  the  mirror 
transparent,  highly  absorptive,  or  highly  scattering.  The 
higher  the  ambient  absorptivity  of  the  proposed 
mirror/optical  fuse,  the  lower  its  threshold  for  protection, 
but  also  the  lower  the  level  of  ambient  light  reaching  the 
eye.  A  10-20%  ambient  absorptivity  would  more  than  likely  be 
acceptible  for  device  application,  and  possibile  even  30%. 

If  the  threshold  for  retinal  eye  damage  were  taken  to  be 
2uJ/cm2  at  the  pupil  and  the  optical  gain  of  the  protective 
device  were  105  with  a  10%  mirror  absorptivity,  then  a 
suitable  mirror/optical  fuse  at  the  focal  plane  would  require 
a  failure  threshold  of  0.02  J/cm2  of  absorbed  energy.  If  a 
device  with  an  optical  gain  of  106  were  attainable  in  an 
acceptible  size  and  configuration  for  field  use,  this 
threshold  could  be  increased  to  0.2 J/cm2  absorbed  at  the 


focal  plane.  Another  factor  of  two  on  three  could  be  gained 
by  increasing  the  ambient  light  absorption  of  the  mirror  from 
10%  to  20%  or  30%.  The  feasibility  of  such  a  device  is 
limited  by  the  practicality  of  optical  configurations  and  the 
ability  to  design  a  mirror/ optical  fuse  which  fails  at 
absorbed  energy  densities  of  the  order  of  0.02  to  0.4 
J/cm2 . 

Work  involving  the  laser  ablation  of  thin  reflective  layers 
of  aluminum  on  Kapton  was  conducted  by  Jack  McKay  in  the 
late  1970's,  then  at  the  Naval  Research  Laboratory  and 
currently  at  Physical  Sciences,  Inc.,  Alexandira,  VA.  His 
results  are  in  general  agreement  with  these. 

Failure  Mode 

A  mirror/optical  fuse  may  fail  by  removing  the  reflective 
layer  (front  surface  or  back  surface) .  The  reflective 
surface  may  be  vaporized  or  in  certain  configurations,  melted 
or  roughened  which  requires  considerably  less  absorbed  energy 
than  vaporization.  For  a  first  approximation,  consider  a 
simple  thin  aluminum  reflective  layer.  To  melt  the  layer 
requires  energy  to  heat  it  to  its  melting  point  plus  the 
enthalpy  of  fusion  (402  J/gram) .  To  volatilize  it  requires 
an  additional  energy  input  to  raise  its  temperature  to  the 
vaporization  point  plus  the  enthalpy  of  vaporization  (10500 
J/gram) .  To  a  first  approximation,  energy  lost  to  radial 
thermal  conductivity  in  the  reflective  layer  and  radiactive 
and  convective  cooling  is  negligible.  The  irradiated  spot  on 
the  mirror/fuse  at  the  focal  plane  is  less  than  0.01  cm 
in  diameter.  A  general  guideline  for  considering  the 
importance  of  radial  thermal  conductivity  in  a  laser 
irradiated  target  is  that  it  is  negligible  if  4kt  is  less 
than  the  diameter  of  the  irradiated  spot,  where  k  is  the 
thermal  conductivity  (ca.  0.6  for  aluminum)  and  t  is  the 
laser  pulse  duration.  Thus  for  spots  less  than  0.01  cm  in 
diameter  with  pulses  shorter  than  a  microsecond,  radial 
thermal  conductivity  in  a  thin  reflective  layer  of  aluminum 
may  be  neglected  as  a  significant  mechanism  for  energy  loss. 


Tabulated  in  Table  I  is  the  results  of  calculating  the 
threshold  irradiance  incident  (not  absorbed)  at  a  focal  plane 
reflector  required  to  melt  or  vaporize  a  mirror  layer  of 
aluminum  which  absorbs  10%  of  the  incident  radiation.  The 
absorptivity  of  the  metal  layer  could  be  adjusted  by 
incorporating  controlled  impurities  (e.g.  carbon)  by  vapor 
deposition  or  by  other  techniques.  In  a  real  system,  the 
absorbtivity  may  be  adjusted  to  any  acceptable  value  and  the 
reflective  layer  is  not  limited  to  aluminum,  but  perhaps  some 
alloy  with  low  enthalpies  and  temperatures  of  fusion  and/or 
vaporization.  As  can  be  noted  in  Tale  I,  thresholds  for 
melting  and  vaporization  each  increase  linearly  with 
thickness,  while  there  is  a  factor  of  5.7  increase  between 
the  energy  required  to  melt  and  the  energy  required  to 
vaporize  aluminum. 

The  thinest  layer  of  aluminum  which  makes  a  good  mirror  is 
about  70-100  nm.  If  a  thin  reflective  layer  supported  on  a 
substrate  were  melted,  it  may  not  be  removed  rapidly  enough 
to  protect  the  eye,  therefore  an  effective  system  may  require 
total  vaporization  of  the  film.  On  the  other  hand,  if  the 
reflective  layer  were  a  free  standing  film  (in  this  case 
aluminum) ,  melting  would  be  sufficient  to  produce  a  hole  in 
the  reflector  and  thus  serve  as  an  optical  fuse.  Following 
failure,  the  mirror/fuse  could  be  repositioned  to  a  fresh 
location.  The  thin  free  standing  portion  of  the  mirror/fuse 
need  only  be  slightly  larger  than  the  size  of  the  focused 
image,  realistically,  about  10~2  to  10'3  cm  in  diameter. 
Outside  the  focal  point  the  film  need  not  be  free  standing 
but  may  be  supported  on  a  suitale  sustance.  One  could 
envision  a  mirror/fuse  system,  located  at  the  focal  plane  of 
an  optical  system,  consisting  of  a  repositionable  thin  metal 
reflector  (with  customized  absorbance) ,  supported  by  a 
subststrate  (glass,  plastic,  etc.)  where  several  areas  of  the 
substrate  (about  ca.>  10-3  cm  diameter)  have  been  etched 
away  leaving  a  free  standing  reflective  film.  The  spots  of 
free  standing  reflective  films  are  located  exactly  at  the 
focus  of  the  optical  system.  The  mirror  may  be  manually 
repositioned  following  fuse  failure  to  a  new  spot. 
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Obviously,  a  free  standing  film  would  have  to  be  thicker  than 
a  reflective  layer  on  a  substrate  in  order  to  support 
itself.  From  the  date  in  Table  I,  for  aluminum,  the  trade 
off  in  thickness  versus  optical  fuse  failure  threshold  is  a 
factor  of  about  5.7  in  thickness  (i.e.  difference  between 
melting  and  vaporizing) .  The  question  is,  to  compete  with 
vaporization  of  a  100  nm  thick  (or  less)  reflective  layer  on 
a  substarate,  can  a  free  standing  reflective  film,  only  ca. 
10~3  cm  in  diameter,  be  fabricated  and  mechanically  stable 
with  a  thickness  of  only  570  nm  or  less  and  still  by 
optically  flat? 

Improvements  on  the  Concept 

Several  variables  may  be  adjusted  in  order  to  reduce  the 
failure  threshold  of  the  proposed  mirror/fuse.  Calculations 
in  Table  1  are  for  aluminum  with  a  normal  absorption  of  10%, 
adjusted  by  controlled  spoiling  (contamination)  of  the 
reflective  surface.  This  could  be  increased  a  factor  of  2  or 
more  and  still  meet  minimum  acceptible  optical  requirements 
for  certain  field  applications.  The  mirror/ optical  fuse  is 
certainly  not  limited  to  aluminum.  Reflective  materials  are 
available  with  much  lower  melting  points  and  heats  of  fusion 
and  vaporization  than  aluminum.  The  reflective  layer  could 
be  sealed  in  a  small  vacuum  or  gas  filled  cell,  thus  allowing 
use  of  materials  which  otherwise  may  oxidize.  Amalgams  or 
alloys  may  also  be  employed. 

Another  way  to  lower  the  threshold  for  fuse  failure  is  to  use 
a  substrate,  rather  than  a  free  film,  and  place  between  the 
substrate  and  the  thin  reflective  layer  a  thin  layer  of 
material  (probably  a  polymer  or  certain  inorganic  crystal 
systems)  having  a  very  low  thermal  stability,  which,  upon 
thermal  shock  produced  by  partial  absorption  of  laser  energy, 
produces  rapid  decomposition  thus  "blowing  off"  the 
reflective  layer.  This  system  could  be  designed  to  be 
irradiated  either  through  a  transparent  substrate  and  the 
partially  absorbing  decomposing  layer  which  lies  between  the 
substrate  and  the  mirror  layer  (back  surface  mirror  system) , 


or  the  system  could  be  designed  as  a  front  surface  mirror, 
with  partial  absorption  by  the  reflector,  resulting  in  heat 
transfer  (thermal  shock)  to  the  decomposing  layer  below. 
Numerous  polymer  coatings  can  be  envisioned  with  low  thermal 
stabilities  as  well  as  by  a  variety  of  inorganic  crystals. 
Inorganic  crystals  exhibiting  rapid  decompositon  with  low  and 
distinct  temperature  or  thermal  shock  thresholds  include  the 
monovalent  metal  azides,  fulminates,  and  ammonium 
pennanganates  and  halates.  The  area  coated  with  these  less 
stale  materials  may  be  limited  to  ca.  10~3  cm  spots  at  the 
focal  point.  Such  a  thermochemically  assisted  system  may 
considerably  reduce  the  response  time  and  energy  threshold 
for  fuse  failure  below  that  for  a  free  standing  metal 
reflector. 

The  reflective  system  need  not  be  limited  to  a  metal. 

Numerous  polymers  exist  which  themselves  may  be  sufficiently 
metal  like  to  be  suitable  reflectors  and  which  may  have 
intrinsically  low  thresholds  for  thermal  damage. 


CONCLUSION 


The  system  described , above  appear  to  be  borderline  feasible 
for  the  protection  of  eyes  from  pulsed  laser  radiation  if  an 
optical  system  with  a  focal  plane  hav^ing  a  gain  of  ca. 
or  greater  were  acceptable.^  A  variety  of  techniques  to  lower 
protection  thresholds  are  mentioned  above,  but  more  detailed 
analysis  is  required.-  The  proposed  concept  using  a  rapidly 
decomposing  polymer  or  inorganic  crystal  coating  supporting 
the  reflective  mirror  layer  on  a  substrate  should  be 
investigated  further  with  specific  materials  and  their 
properties  included  in  the  analysis.  This  design  may  be 
worthy  of  a  bread-board  testing  to  experimentally  determine 
thresholds . 


ADDENDUM 


Since  the  writing  of  this  brief  paper,  I  have  read  (thanks  to 
Ed  Sharp  of  the  Army  Night  Vision  Laboratory) 
a  paper  by  Sztanky,  McGuire,  Wellmon  and  Errett  published  in 
1974  by  the  Harry  Diamond  Laboratories,  Adelphi,  MD  which 
proposed  a  mirror/fuse  system  similar  to  the  one  discussed 
above.  Their  findings  are  similar  to  those  presented  here 
but  were  limited  to  a  front  surface  thin  reflective  layer  on 
a  black  plastic  substrate.  The  idea  of  a  free  standing 
reflective  film  or  using  a  substrate  thermochemically 
enhanced  ablation  mechanism  was  not  discussed. 
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